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Abstract 

Background: Gallbladder carcinoma is a malignant tumor with a very low 5-year survival rate because of the 
difficulty with its early diagnosis and the very poor prognosis of the advanced cancer state. The aims of this study 
were to determine whether curcumin could induce the apoptosis of a gallbladder carcinoma cell line, GBC-SD, and 
to clarify its related mechanism. 

Methods: First, the anti-proliferative activities of curcum in-treated and untreated GBC-SD cells were determined 
using the MTT and colony formation assays. Then, the early apoptosis of cells was detected by the annexin V/ 
propidium iodide double-staining assay and Hoechst 33342 staining assay. Detection of mitochondrial membrane 
potential was used to validate the ability of curcumin on inducing apoptosis in GBC-SD cells. Cell cycle changes 
were detected by flow cytometric analysis. Finally, the expressions of the apoptosis-related proteins or genes 
caspase-3, PARP, Bcl-2, and Bax were analyzed by western blot and quantitative real time PCR assay. Statistical 
analyses were performed using the Student's f-test for comparison of the results obtained from cells with or 
without curcumin treatment. 

Results: The MTT assay revealed that curcumin had induced a dose- and a time-dependent decrease in cell 
viability. Colony counting indicated that curcumin had induced a dose-dependent decrease in the colony 
formation ability in GBC-SD cells. Cells treated with curcumin were arrested at the S phase, according to the flow 
cytometric analysis. A significant induction of both the early and late phases of apoptosis was shown by the 
annexin V-FITC and PI staining. Morphological changes in apoptotic cells were also found by the Hoechst 33342 
staining. After treatment with curcumin fluorescence shifted from red to green as AYm decreased. Furthermore, 
western blot and quantitative real time PCR assays demonstrated that the curcumin induced apoptosis in GBC-SD 
cells by regulating the ratio of Bcl-2/Bax and activating the expression of cleaved caspase-3. 

Conclusions: Taken together, the results indicate that curcumin may be a potential agent for the treatment of 
gallbladder cancer. 
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Background 

Gallbladder carcinoma is one of the most common malig- 
nant tumors of the biliary system and is the fifth most com- 
mon malignancy of the gastrointestinal tract [1-2]. Early 
gallbladder carcinoma is asymptomatic or manifests only as 
an abdominal discomfort. Some patients can develop the 
symptom of acute or chronic cholecystitis, which is easy to 
ignore or miss. In the later period, patients can develop 
abdominal pain, jaundice, and angular, but most of the pa- 
tients have no surgical opportunities. The prognosis of ad- 
vanced gallbladder carcinoma is very poor, [3-5] and the 
5-year survival rate is only about 5% [6]. So far, surgical re- 
section is the only treatment that offers a hope for cure [7]. 
Moreover, the majority of patients have frequent recur- 
rences following surgery and unsatisfactory results follow- 
ing chemotherapy or radiotherapy [8]. Therefore, more 
research about the occurrence of gallbladder carcinoma 
and the mechanism of its development, as well as find- 
ing effective treatments and drugs, is an important need. 

Curcumin, a phenolic compound present in Zingiberaceae 
Curcuma longa, rhizoma zedoariae, turmeric, etc., has 
been shown to have anticarcinogenic [9-11] and anti- 
inflammatory properties [12], including an inhibitory effect 
on the production of various cytokines. Curcumin has 
attracted much attention because of its low price and low 
toxicity, as well as its wide pharmacological and potential 
anticancer effects. It is believed that the anticancer mech- 
anism of curcumin is mainly in inducing the apoptosis of 
cancer cells [13-15] and suppressing metastasis [16-18]. 
The apoptosis induced by curcumin is due to the activa- 
tion of a multi-signal transduction pathway. Curcumin in- 
duces apoptosis in breast cancer cell lines, and the 
activation of apoptosis was confirmed by PARP-1 cleavage 
and by the increased ratio between the pro-apoptotic Bax 
and the anti-apoptotic Bcl-2 proteins [19]. Moreover, 
apigenin and curcumin synergistically induced cell death 
and apoptosis and also blocked cell cycle progression at 
the G2/M phase of A549 cells [20]. Although curcumin 
has been found to induce apoptosis in several types of 
cancers, the molecular apoptotic mechanisms of curcumin 
in the gallbladder carcinoma cell line GBC-SD have not 
previously been investigated. 

The goals of this study were to determine whether 
curcumin could induce apoptosis in GBC-SD cells and 
to clarify the related mechanism, which may offer a 
promising new approach in the effective treatment of 
gallbladder carcinoma. 

Results 

Effect of curcumin on the viability of GBC-SD cells 

The effects of curcumin on the growth of human GBC- 
SD cells in vitro were tested. As shown in Figure 1(A), 
after treatment for 24, 48, and 72 h, curcumin induced a 
dose- and a time-dependent decrease in the viability of 



the GBC-SD cells, as analyzed by the MTT assay. As 
shown in Figure 1(B), the ability of GBC-SD cells to 
form colonies in the presence of curcumin was detected 
with the flat plate colony formation assay. The colony 
count indicated that curcumin had induced a dose- 
dependent decrease in the colony formation ability. 
Moreover, statistical analysis demonstrated that the 
mean sizes of the control colonies were larger than those 
of the curcumin-treated group. The findings support the 
fact that curcumin may exert a significant influence on 
GBC-SD cell proliferation. 

Effect of curcumin on cell cycle distribution in GBC-SD cells 

To assess whether curcumin affects cell cycle progres- 
sion, flow cytometric analysis was carried out. The re- 
sults showed a significant decrease in the number of 
cells in the proliferative G0/G1 phase and a significant 
increase in the number of cells in the S phase, after 48 h 
of treatment with curcumin (Figure 2). These results in- 
dicate that curcumin arrests the cell cycle at the S phase. 

Effect of curcumin on apoptosis in GBC-SD cells 

To confirm these results, we evaluated the effects of 
curcumin on apoptosis in GBC-SD cells by using 
annexin V-FITC and propidium iodide staining. Normal 
live cells, phosphatidyl serine (PS) is located on the cyto- 
plasmic surface of the cell membrane. However, in apop- 
totic cells, PS is translocated from the inner to the outer 
leaflet of the plasma membrane, thus exposing PS to the 
external cellular environment. The human anticoagulant, 
annexin-V, is a 35-36 kDa Ca2+- dependent phospho- 
lipid binding protein that has a high affinity for PS. 
Annexin-V labeled with a fluorophore or biotin can 
identify apoptotic cells by binding to PS exposed on the 
outer leaflet.In addition, the red-fluorescent propidium 
iodide (PI) nucleic acid binding dye is impermeant to 
live cells and apoptotic cells, but stains dead cells with 
red fluorescence, binding tightly to the nucleic acids in 
the cell. After staining a cell population with annexin V 
and PI, apoptotic cells show green fluorescence, dead 
cells show red and green fluorescence, and live cells 
show little or no fluorescence. These populations can 
easily be distinguished using a flow cytometer. In the 
scatter plot of double variable flow cytometry, Q3 
quadrant(FITC - / PI -) shows living cells; Q2 quadrant 
(FITC + /PI + ) stands for late apoptotic cells; and Q4 
quadrant(FITC + /PI -) represents early apoptotic cells. 
As assessed by flow cytometry and shown in Figure 3(A), 
a marked dose-dependent increase in both the early and 
late stages of apoptosis was obvious in GBC-SD cells 
after curcumin treatment compared with control cells. 

Morphological changes in the apoptotic cells were 
revealed by the Hoechst 33342 staining, as shown in 
Figure 3(B). In the untreated GBC-SD cells, the nuclei 
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Figure 1 Curcumin inhibits the proliferation of GBC-SD cells. (A) Cells were treated with varying concentrations of curcumin, and the cell 
proliferation and IC 50 were determined by assay on days 1, 2, and 3. Each value represents the mean ± SD (n = 3). (B) Curcumin suppressed 
colony formation of GBC-SD cells. Cells were treated with curcumin (0.75, 1 .5, and 3 umol/L) and were allowed to form colonies in fresh medium for 
14 days. The photomicrographic difference (Left panel) and influence of colonies (mean ± SD, n = 3) (Right panel) in colony formation are shown. 



were stained weak homogeneous blue, whereas in the 
group treated with curcumin, bright chromatin conden- 
sation and nuclear fragmentation were observed, the 
rates of which increased in a dose-dependent manner. 

Effects of curcumin on mitochondrial membrane 
potential(AM^m) 

To validate the ability of curcumin on inducing apoptosis 
in GBC-SD cells, we performed a cellular functional assay. 
JC-1 probe is a fluorescent cationic dye that can selectively 
accumulate into mitochondria by electrochemical gradient 



and changes color from red to green as A^m decreases. 
As illustrated in Figure 3(C), untreated GBC-SD cells 
exhibited red fluorescence. After treatment with. 

Effect of curcumin on the signal pathway of caspase and 
Bcl-2 family members in GBC-SD cells 

To investigate the possible mechanism of curcumins 
apoptotic effect on the GBC-SD cells, the expressions 
of apoptosis-related proteins (viz., PARP, caspase-3, 
Bax, and Bcl-2) were assessed by western blot analysis. 
As illustrated in Figure 4(A), treatment with curcumin 



Liu et al. Cancer Cell International 2013, 13:64 
http://www.cancerci.eom/content/1 3/1 /64 



Page 4 of 9 



O|imol/L 




3.75|imol/L:o: 



Channels (PE-A) 



60 200 




Channels (PE-A) 



7.5|imol/L |*r 




15|imol/L | 




120.00 




ig: m 



iGOGI 



3.75 7.5 15 
Concentration(nmol/L) 



Figure 2 Curcumin induces S-phase arrest in GBC-SD cells. Cells were treated with , 3.75, 7.5 and 15 umol/L curcumin for 48 h and the DNA 

content was analyzed by flow cytometry. The percentage of cells in the G1, S, and G2/M phases of the cell cycle are shown. These results were 
from 1 representative experiment of 3 independent trials. 



resulted in a downregulation of Bcl-2, and an upregulation 
of Bax, cleaved caspase-3, and PARP, which may be partially 
responsible for the apoptotic tendency of the GBC-SD cells. 
Real-time quantitative PCR was used to quantify the levels 
of Bax and Bcl-2 mRNA. Figure 4(B) showed that the ex- 
pression of Bax mRNA was upregulated in the curcumin 
treatment group while Bcl-2 mRNA was downregulated. 

Discussion 

To the best of our knowledge, this is the first study to reveal 
the ability of the natural compound curcumin to induce 
apoptosis in GBC-SD cells. In recent years, studies have 
shown that curcumin can inhibit the growth of a variety of 
tumor cells [9,21,22], as well as induce cell differentiation 
[23] and apoptosis in some tumors [24-27]. Curcumin can 
also be used as a natural antitumor drug [28]. Here, we 
have shown the biochemical and molecular mechanisms of 
apoptosis induction by curcumin in GBC-SD cells. 

Curcumin manifests its antitumor effect through the in- 
duction of cell apoptosis in vitro. Our experiment showed 
a significant inhibition of cell proliferation in a dose- and 
time-dependent manner, thereby suggesting that treat- 
ment with curcumin inhibited the growth and reduced 
the viability of GBC-SD cells. The cell apoptosis experi- 
ment showed that curcumin had the biological activity of 
inducing tumor cell apoptosis. We used flow cytometry to 
detect the cell cycle, and the results showed a significant 
decrease in the number of cells in the proliferative G0/G1 
phase and a significant increase in the number of cells in 
the S phase, after 48 h of treatment with curcumin. The 



result suggested that curcumin could block cells in the S 
phase, which prevented DNA from replicating properly, 
thus inhibiting tumor growth. 

Cell apoptosis is an autonomous cell death process, 
which can be induced by a variety of drugs and physical 
and chemical factors. The induction of apoptosis has 
been described as a standard and best strategy in anti- 
cancer therapy [29,30]. The family of cysteine-containing 
aspartate-specific proteases (caspase) contains many 
members that are closely related with cell apoptosis 
[31,32]. So far, 10 members have been identified in 
humans. Caspase-3, a protein on the common path of cell 
apoptosis, is one of the most important members and the 
key executor of cell apoptosis. Caspase-3 usually exists in 
the cytoplasm in the form of an inactive zymogen. When 
activated by the many external apoptosis signals, caspase- 
3 can induce the inactivation of many key proteases in the 
cytoplasm, cell nucleus, and cytoskeleton, and finally 
cause the apoptosis of cells. In our study, the results 
showed that the change of caspase-3 expression was in ac- 
cordance with the tendency of changes in cell apoptosis. 
The cleavage of PARP was increased accordingly. The 
Bcl-2 gene family is one of the best studied of the anti- 
apoptosis genes, and according to the members' different 
biological effects, it is divided mainly into the Bax, Bcl-2, 
and Bid proteins. Among them, the apoptosis-promoting 
protein Bax and the anti-apoptotic protein Bcl-2 play an 
important role in regulating cell apoptosis [33,34]. The 
occurrence and severity of apoptosis depends on the ratio of 
Bcl-2/Bax [35]. When this ratio is reduced, the caspase 
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(See figure on previous page.) 

Figure 3 Curcumin induces apoptosis in GBC-SD cells. (A) Cells were incubated with curcumin (3.75, 7.5, and 15 umol/L) for 48 h, followed 
by staining with annexin-V/PI. The Q3 quadrant (annexin V-/PI-), Q4 quadrant (annexin V+/PI-) and Q2 quadrant (annexin V+/PI+) indicate the 
percentage of normal cells, early apoptosis and late apoptosis, respectively. (B) Apoptotic nuclear morphology changes induced by curcumin 
(3.75, 7.5, and 15 umol/L) treatment for 48 h, were observed by Hoechst 33342 staining in GBC-SD cell lines. (C) Analysis of the mitochondrial 
membrane potential (AYm). GBC-SD cells were treated with curcumin (3.75, 7.5, and 15 umol/L) for 48h and then stained with JC-1. Red 
fluorescence represents mitochondria with intact membrane potential. Green fluorescence represents de-energized mitochondria. Images were 
taken with a fluorescence microscope. 



apoptosis proteins can be activated. Through the western 
blot assay, it was found that the expression of Bcl-2 
was reduced and that of Bax was promoted in GBC-SD cells 
treated with curcumin, thus decreasing the Bcl-2/Bax ratio 
significantly. 

Conclusion 

In conclusion, this study suggests that curcumin inhibits 
the proliferation of GBC-SD cells and arrests the cell 
cycle in the S phase. Curcumin induces GBC-SD cell 
apoptosis mainly by activating the Bcl-2 and caspase-3 
pathways. Other apoptotic mechanisms remain to be 
researched further. 



curcumin for 24, 48, and 72 h. Thereafter, 20 uL of 
MTT ( Sigma- Aldrich) dissolved in PBS at 5 mg/mL was 
added directly to all the wells, and the plates were incu- 
bated for 4 h at 37°C. The formazan crystals that formed 
were dissolved in 100 uL of DMSO after removal of the 
supernatant. The optical density was recorded at 490 nm 
on a microplate reader (Bio-Tek, USA). The results rep- 
resent the average of 3 independent experiments done 
over multiple days. The percentage of cell viability was 
calculated as follows: 



cell viability (%) 



OD of treatment 
OD of control 



x 100 



Methods 

Cell lines and culture 

GBC-SD cells were purchased from the Shanghai Cell 
Institute Country Cell Bank. The cells were cultured in 
high-glucose DMEM (Gibco, USA) supplemented with 
10% fetal bovine serum (Gibco, USA), 100 ug/mL 
streptomycin and 100 U/mL penicillin (Hyclone, USA), 
at 37°C, under a 5.0% C0 2 atmosphere. 

Drugs and antibodies 

The curcumin was purchased from Sigma-Aldrich 
(St. Louis, USA), dissolved in DMSO as a stock concen- 
tration of 100 mmol/L, and stored in the dark at -20°C. 
Figure 5 shows the chemical structural of curcumin. The 
final curcumin concentrations used for the different ex- 
periments were prepared by diluting the stock solution 
with high-glucose DMEM. The antibodies used for 
western blotting were as follows: rabbit anti-caspase-3, 
anti-Bcl-2, anti-Bax, anti-PARP, anti-tubulin and mouse 
anti-(3-actin. All the antibodies were purchased from 
Cell Signaling Technology. 

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
(MTT) assay 

Drug sensitivity was determined using the MTT assay 
[36]. Briefly, cells were trypsinized and plated into 96- 
well plates (Corning, USA) at a density of 5 x 10 3 cells 
per well. The cells were cultured overnight and then 
replenished with fresh medium containing various con- 
centrations (0, 3.75, 7.5, 15, 30, and 60 umol/L) of 



Colony formation assay 

Cells in the logarithmic growth phase were digested into 
a single-cell suspension with a trypsin-EDTA (Gibco, 
USA) solution, and then 2 mL of the cell suspension was 
seeded onto 6-well plates (Corning, USA) at a density of 
200 cells/mL. After adherence, the cells were treated 
with curcumin (0.75, 1.5, and 3 umol/L) for 48 h and 
then cultured for 15 days. Thereafter, the cells were fixed 
with 10% formalin and stained with 0.1% crystal violet 
(Sigma-Aldrich). After washing, the plates were air dried, 
and digital images were taken of stained single clones 
observed under a microscope (Leica, Germany). The 
results represent the average of 3 independent experi- 
ments done over multiple days. 

Cell cycle analysis 

GBC-SD cells were treated with curcumin (3.75, 7.5, and 
15 umol/L) for 48 h. Then, the cells were collected and 
fixed with cold 70% ethanol and stored at -20°C. The 
cells were then washed and resuspended in cold PBS 
and incubated at 37°C for 30 min with 10 mg/mL RNase 
and 1 mg/mL propidium iodide (Sigma-Aldrich). DNA 
content analysis was performed by flow cytometry (BD, 
San Diego, USA). The percentage of cells in the different 
cell cycle phases was determined using the Cell Quest 
acquisition software (BD Biosciences). 

Flow cytometric analysis of cell apoptosis 

The annexin V/propidium iodide assay was performed 
according to the manufacturers recommendation 
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Figure 4 Curcumin induces the activation of apoptosis-related proteins and mRNA in GBC-SD cells. (A) After treatment with curcumin (0, 
3.75, 7.5, and 15 umol/L) for 48h, cell lysates were prepared and western blot analysis was performed against Bcl-2, Bax, caspase-3, and PARP. (3- 
Actin and (3-tubulin were used as a loading control. (B) Quantitative real-time PCR was used to examine the expression of Bax and Bcl-2 mRNA. 
Curcumin upregulated mRNA expression of Bax, and downregulated mRNA expression of Bcl-2. 



(Invitrogen, USA). Briefly, GBC-SD cells were plated 
into 6-well plates (Corning, USA) and incubated for 
48 h with curcumin (3.75, 7.5, and 15 umol/L). In brief, 
the cells were collected and then were washed with 
cold PBS, centrifuged, resuspended in 100 ul of bind- 
ing buffer containing 2.5 ul FITC conjugated annexin-v 
and lul 100 ug/ml PI and incubated for 15 mins at 
room temperature in the dark. A total of at least 
10 000 events were collected and analyzed by flow 
cytometry (BD, San Diego, USA). 

Detection of morphological apoptosis with Hoechst 
33342 staining 

After treatment with curcumin (3.75, 7.5, and 15 umol/L) 
for 48 h, the GBC-SD cells were washed with PBS and fixed 
with methanobacetic acid (3:1) for 15 min at room 
temperature. Fixed cells were washed with PBS and stained 
with 5 ug/mL of Hoechst 33342 stain for 10 min. Changes 
in the nuclei of cells after staining with Hoechst 33342 were 
observed using a fluorescence microscope (Leica, Germany). 

Detection of mitochondrial membrane potential (AM^m) 
variation with fluorescence microscopy 

The A^m was analyzed by fluorescence microscopy 
using the 5,50,6,60-tetrachloro-l,10,3,30-tetraethylben 
zimidazolcarbocyanine iodide (JC-1) probe. After 
treatment with curcumin (3.75, 7.5, and 15 umol/L) for 
48 h, 5ul of the JC-1 staining solution(Beyotime,China) 
per ml culture of medium was added to each well and 
samples were then incubated in 5% C02 incubator at 
37°C for 20 min protected from light. After washing 



twice with buffer solution, GBC-SD cells were analyzed 
by using a fluorescence microscope (Leica, Germany). 

Reverse transcription and quantitative real-time 
polymerase chain reaction (qPCR) 

Quantitative PCR was performed as previously described 
[37] qPCR was used to quantify the expression of BCL2 
and Bax mRNA in the experimental groups. GBC-SD cells 
were treated with curcumin (3.75, 7.5, and 15 umol/L) for 
48 h. Total RNA was isolated using the RNA easy kit 
(Invitrogen, USA). First strand cDNA was synthesized from 
500 ng total RNA using a PrimeScript® Reverse Transcript- 
ase (TaKaRa, Japan). Quantitative real-time PCR was 
performed in a reaction volume of 20 ul including 2 ul 
cDNA. The primer sequences were as follows: BCL2 (for- 
ward-5'-CAA ATG CTG GAC TGA AAA ATT GTA-3', 
reverse-5'-TAT TTT CTA AGG ACG GCA TGA TCT-3'), 




0 0 

Curcumin 



Figure 5 Chemical structure of curcumin. The molecular formula 
of curcumin is C 2 iH 20 0 6 and its molecular weight is 368.37. 
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BAX (forward-5'-GAC ACC TGA GCT GAC CTT GG-3'; 
reverse-5'-AGG AAG TCC AGT GTC CAG C-3') and 
GAPDH (forward-5'-AAG CTC ATT TCC TGG TAT 
GACA-3', reverse-5'-TCT TAC TCC TTG GAG GCC 
ATGT-3'). PCR conditions were as follows: 95°C for 30sec 
followed by 40 cycles at 95°C for 5 sec, 60°C for 34 sec. 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
was used as an internal reference gene to normalize the 
expression of apoptotic genes. Relative quantification of 
apoptosis-related genes was analyzed by the comparative 
threshold cycle (Ct) method. For each sample, the Ct value 
of the apoptotic gene was normalized using the formula: 
ACt = Ct (apoptotic genes) - Ct (GAPDH). To determine 
relative expression levels, the following formula was used: 
A ACt = ACt (treated) - ACt (control). The value was used 
to plot the expression of apoptotic genes using the formula 
2-AACt 

Western blot analysis 

Western blot was performed as previously described [38]. 
Breafly, GBC-SD cells were treated with various concentra- 
tions of curcumin (3.75, 7.5, and 15 (imol/L) for 48 h and 
then lysed in a sample buffer, followed by denaturation. 
The total protein concentration of the cell extracts was 
determined using the bicinchoninic acid assay system 
(Beyotime, China) with BSA as a standard. Equal quantities 
(80 (ig protein per lane) of total proteins were separated by 
SDS-PAGE (8%, 12% gels) under reducing conditions. The 
proteins were then electrophoretically transferred to nitro- 
cellulose membranes. The membranes were blocked with 
5% skimmed milk, and incubated with anti-caspase-3, anti- 
Bcl-2, anti-Bax, anti-PARP, anti-(3-actin and anti-(3-tubulin 
antibodies, respectively (1:1000; Cell Signaling Technology) 
at 4°C overnight. This was followed by an incubation with 
goat anti-rabbit/anti-mouse secondary antibody conjugated 
with horseradish peroxidase (1:5000; Abeam). An equal 
loading of each lane was evaluated by immunoblotting the 
same membranes with (3-actin antibodies after the detach- 
ment of previous primary antibodies. Photographs were 
taken and the optical densities of the bands were scanned 
and quantified with the Gel Doc 2000 (BioRad, USA). 

Statistical analysis 

All values are expressed as the mean ± SD and they were 
analyzed by the Students £-test using SPSS version 13.0 soft- 
ware. A ^-value of less than 0.05 was considered significant. 
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